Enterovirus 71 (EV71), one of the major causative agents for hand-foot-and-mouth disease (HFMD), has caused more than 100 deaths among Chinese children since March 2008. The EV71 genome encodes an RNAdependent RNA polymerase (RdRp), denoted 3D pol , which is central for viral genome replication and is a key target for the discovery of specific antiviral therapeutics. Here we report the crystal structures of EV71 RdRp (3D pol ) and in complex with substrate guanosine-5'-triphosphate and analog 5-bromouridine-5'-triphosphate best to 2.4 Å resolution. These results together provide a molecular basis for EV71 RNA replication and reveal a potential target for anti-EV71 drug discovery.
INTRODUCTION
Between March and June 2008, an outbreak of hand-footand-mouth disease (HFMD) occurred in China. More than 9 provinces were affected, including Beijing and Shanghai, with Anhui and Guangdong provinces in East and Southern China, respectively, among the most seriously affected. During the course of the outbreak, more than 176,000 cases of infection were reported and at least 100 individuals died (Yang et al., 2009) . HFMD has also been reported in Australia, the AsiaPacific region, and several European countries since its appearance (McMinn, 2002) . During recent years, HFMD surveillance has shown increasing infections in the AsiaPacific region, especially in Malaysia, Singapore, Taiwan and mainland China. Since its discovery in 1969, Enterovirus 71 (EV71) has been recognized as a frequent cause of HFMD epidemics associated with a severe form of brainstem encephalitis, as well as with pulmonary edema, and it therefore causes high fatality rates (Yang et al., 2009) .
EV71, which belongs to the human Enterovirus A species of the Enterovirus genus within the family Picornaviridae (King, 2000) , has a single-stranded, positive-sense RNA genome of approximately 7.5 kb. The EV71 genome encodes a~250 kDa polyprotein (P3), which is cleaved by the viral protease into several proteins required for viral reproduction. An RNA-dependant-RNA-polymerase (RdRp), also known as 3D pol , is located in the most down-stream part of the cleaved polyprotein ( Fig. 1A) and is responsible for replicating the initial negative-strand and the subsequent infecting positivestrand RNA (Racaniello, 2001) . To date, representative RdRps from five families of RNA viruses have known three-dimensional structures: (1) Picornaviridae, poliovirus (Hansen et al., 1997; Thompson and Peersen, 2004; Thompson et al., 2007) , human rhinovirus (Love et al., 2004) , coxsackievirus (Campagnola et al., 2008) , foot-and-mouth-disease virus (FMDV) (Ferrer-Orta et al., 2004) ; (2) Caliciviridae, rabbit hemorrhagic disease virus (Ng et al., 2002) , Norwalk virus (Zamyatkin et al., 2008) ; (3) Flaviviridae, hepatitis C virus (Bressanelli et al., 1999; Lesburg et al., 1999) , bovine viral diarrhea virus (Choi et al., 2006) , Dengue virus (Yap et al., 2007) , West Nile virus ; (4) Cystoviridae: phage f6 (Butcher et al., 2001; Salgado et al., 2004) ; and (5) Reoviridae, reovirus (Tao et al., 2002) . The RdRp enzymes share a similar overall structure ) structure is colored according to the convention previously used for poliovirus 3D pol (Thompson and Peersen, 2004) ; index finger (residues 1-68) in green, ring finger (150-179) in yellow, pinky finger (180) (181) (182) (183) (184) (185) (186) (187) (188) (189) (190) in pink, middle finger (270-286) in orange, palm [340] [341] [342] [343] [344] [345] [346] [347] [348] [349] [350] [351] [352] [353] [354] [355] [356] [357] , motif E (magenta; 370-380), motif F (brown; 172-176) and the GDD sequence in motif C (yellow; 328-320). (C) Structures of EV71 (multicolored as in A) and poliovirus (PDB 1RA6, wheat) polymerases superimposed using Pymol alignment of all residues, exhibiting the movement of the thumb domains. (D) The extensive network of hydrogen bonds linking the N-terminus (blue sphere at lower left), the index (green), middle (orange) and ring (yellow) fingers and palm (pale) domain altogether. The Ni 2+ ion (lime sphere) is coordinated by the side chains of His271, His273 and Cys282 in the middle finger, strengthening the interaction network. The view is 180°relative to Fig. 1A . (E) Genome organization of EV71. The single ORF is flanked by UTRs at the 5' and 3' ends. 3D pol is positioned in the P3 region and is colored according to the structural elements shown in Fig. 1A .
with "fingers", "palm", and "thumb" domains arranged in a cupped, "right hand" configuration. In addition to the three basic domains, an N-terminal domain bridging the fingers and thumb domains is found in all RdRps . The distantly related DNA-dependent DNA polymerases (DdDps), DNA-dependent RNA polymerases (DdRps), and RNAdependent DNA polymerases (RdDps or reverse transcriptases) all share the same basic architecture with the RdRps. Although polymerases from different classes share only low levels of amino acid sequence identity, the observation of conserved structural elements in evolutionarily distant species suggests they serve important functional roles. The picornaviral polymerases are unique in that they only become active upon complete proteolytic processing of the precursor 3CD
pro (Andino et al., 1993; Thompson and Peersen, 2004; Marcotte et al., 2007) . The structure of the poliovirus RdRp revealed that the N-terminal glycine residue of the fully processed polymerase is buried in a pocket at the base of the "fingers" domain, where it involves in four hydrogen bonds that effectively reposition Asp238 into the active site. Asp238 is then able to form a 2.8-Å long hydrogen bond interaction with the 2' hydroxyl of the incoming ribonucleoside triphosphates (NTPs), while it extends away from the protein as part of a flexible interdomain linker in the structure of the 3CD pro (Thompson and Peersen, 2004; Campagnola et al., 2008) .
Because of its population that circulated as a mutant swarm or viral quasispecies, there still are no vaccines or therapeutics known to be effective in preventing or treating EV71 infection (Domingo et al., 2008) . Effective therapeutics are urgently needed to treat the pandemic of HFMD in China and worldwide. Since the viral RdRp plays a central role in the life cycle of RNA viruses, and specific inhibitors of the RdRp should therefore serve as potential anti-viral agents.
RESULTS AND DISCUSSION
Molecular folding of EV71 RdRp (3D pol )
The crystal structure of EV71 RdRp (3D pol ) was determined to 2.6 Å resolution with a final R work value of 21.9% (R free = 26.9%) by molecular replacement with the crystal structure of the poliovirus polymerase, sharing 67.1% sequence identity (PDB code: 1RA6) (Thompson and Peersen, 2004) , as an initial search model. The crystal of EV71 RdRp (3D pol )
belongs to the space group P3 2 21 with the cell parameters of a = b = 103.5 Å, c = 132.4 Å. We assumed the presence of one monomer per asymmetric unit with a Matthews coefficient of 3.84 Å 3 /Da, corresponding to a solvent content of 67.7% (Matthews, 1968) . The crystal structure of EV71 RdRp (3D pol )
in complex with GTP and Br-UTP were determined to 2.4 Å and 2.9 Å, respectively. The overall refined structures, which share the same overall architecture with native EV71 RdRP (3D pol ), show two distinct differences around the rNTP binding site corresponding to substrate and analogue binding, and were of good quality with reasonable stereochemistry. Final statistics are summarized in Table 1 . The overall crystal structure of EV71 RdRp (3D pol ) adopts the usual closed "right-hand" conformation observed for other RdRps, which is composed of "fingers", "palm" and "thumb" domains ( Fig. 1A ) (Ferrer-Orta et al., 2006) with approximate dimensions 63 Å × 51 Å × 61 Å, which is formed by 23 α-helices (αA-αW) and 14 β-strands (β1-β14) (Fig. 1B) . The EV71 RdRp (3D pol ) generally shares structure/sequence similarity with homologous RdRps from poliovirus (Thompson and Peersen, 2004) , coxsackievirus (Campagnola et al., 2008) rhinovirus (Love et al., 2004) and FMDV (Ferrer-Orta et al., 2004) polymerases in Picornaviridae family. The EV71 RdRp (3D pol ) has six four-amino-acid sequence conserved motifs, which are termed motif A, B, C, D, E and F respectively. Motif A, B, C and D, located in the palm domain, are defined in all classes of polymerases, whereas motif E in the palm domain and motif F in the fingers domain are unique to both RdRps and reverse transcriptases (RTs) (Fig. 1B ) (Poch et al., 1989; Hansen et al., 1997; O'Reilly and Kao, 1998) . The fingers domain can be further subdivided into five distinct finger motifs, which are named as index, pinky, middle and ring fingers as indicated in the homologous structures in the Picornaviridae family (Ferrer-Orta et al., 2006) . The index finger protrudes into the thumb domain via insertion of Phe30 and Phe34 into the hydrophobic core at the top of the thumb and encircles the active site of the enzyme. This enclosed conformation forms a large cavity 18 Å across and 22 Å deep at the center of the molecule for template:primer RNA binding in the front of the polymerase, and creates a small positively charged channel 8 Å across and 14 Å deep on the back side for the recruitment of NTPs into the active site for further RNA replication. Compared with the sequence of the poliovirus polymerase which is most closely related to phylogenetically among structure-determined RdRps, the EV71 RdRp (3D  pol ) contains an extra residue, Glu260, at the N-terminal of the helix αO (residues Glu260-Asn270), surface exposed (Fig. 1A) . Interestingly, the trend is also observed in coxsackievirus RdRp (Campagnola et al., 2008) . The superimposition by Pymol alignment of all residues suggests that the thumb domain of EV71 RdRp (3D pol ) opens approximately 12°wider than in poliovirus polymerase (Fig. 1C) . The main reason for the movement we propose here is that Ala408 in EV71 RdRp (3D pol ) substitutes for corresponding proline at the N-terminal of the helix αT in poliovirus polymerase (Fig. 1C) . The substitution breaks the N-terminal of αT, making it shorter and loosing the thumb domain outward.
In the crystal structure of the EV71 RdRp (3D pol ), strong electron density is observed adjacent to the side chains of His271, His273 and Cys282 in the middle finger, and is occupied by a divalent nickel ion derived from the crystallization conditions as a crucial additive reagent for EV71 RdRp (3D pol ) crystallization. The Ni 2+ coordinates with the side chains of His271, His273 and Cys282 strengthening the hydrogen bonds interaction network (Thompson and Peersen, 2004) (Fig.1D ). And this surface metal binding of EV71 RdRp (3D pol ) may be unique among the picornaviruses, for His271, His273 and Cys282 are not conserved (Fig. 2) .
The interaction between EV71 RdRp (3D pol ) and bounded GTP/ Br-UTP X-ray diffraction analysis of EV71 RdRp (3D pol ) crystals soaked with GTP and 5-bromouridine 5'-triphosphate (Br-UTP) under the conditions described in Materials and Methods revealed extra density around the ribonucleotide (rNTP) binding site of the EV71 RdRp (3D pol ), suggesting the affinity of the 3D pol for nucleotide and nucleotide analogs is therefore sufficiently high to provide unambiguous electron density. The bound GTP molecule was built into the rNTP binding site near the catalytic center of the 3D pol under the guidance of unambiguous electron density map, bound in the syn conformation with the base swung over the ribose, which is similar to the conformation observed in its homologues, poliovirus and FMDV RdRps (3D pol ) (Thompson et al., 2007; Ferrer-Orta et al., 2009) (Fig. 3A) . Compared with the native EV71 RdRp (3D pol ), there are two obvious conformational changes in 3D pol /GTP complex as a result of GTP binding (Fig. 3C) . The loop region, L1, which consists of Ser289-Gly293 and the N-terminal of motif B, flips towards the base moiety of GTP by 60°at maximum. Although conformational changes of the similar region, the loop called β9-α11, on different NTP binding were previously described in the structures of FMDV 3D elongation complexes (Ferrer-Orta et al., 2009) , the rearrangement of L1 we reported here is much more distinct by GTP binding. Ser289 in L1, which is highly conserved in picornaviral RdRps (Fig. 2) , moves the farthest, 5.7 Å, participating in the interaction network of GTP binding. Moreover, the trace of region Thr356-Asn368, L2, in the large loop between motif D and motif E rearranges a little to fit the bound GTP molecule. The surrounding residues envelop the GTP, forming an extensive hydrogen-bonded network and electrostatic interactions, which are responsible for binding and positioning the GTP (Fig. 3B ). Asp238 is vital for the polymerase fidelity by sensing the 2' hydroxy group of GTP. Its side-chain is thus bridged by Asn298 and the flipped Ser289 on two sides forming 3.17 Å and 2.49 Å hydrogen bonds, and hydrogen bonded with the 2' hydroxy group of GTP with a distance of 2.78 Å. Arg174, in motif F, forms a hydrogen bond with the ribose ring oxygen. The guanidinium group of Arg174, locked by a charge interaction with Glu161, makes a cation-π stacking interaction with the base moiety of GTP. On the other side of the moiety group, the flipped Ser289 forms hydrogen bonds with Asp238 and the backbone of Glu177. Moreover, the backbone of Leu175 contacts with the base moiety by hydrogen bonds with the N1 and N2 atoms at respective distances of 2.77 Å and 3.02 Å. Furthermore, the triphosphate moiety is involved in the positively charged environment of NTP entry tunnel. It makes ionic interactions with Lys167 and Arg163 of the ring finger. Additionally, β-and g-phosphate form hydrogen bonds with
Gly236 and Ser235 at distances of 2.56 Å and 3.12 Å, respectively. To elucidate the potential mechanism for inhibitor design to target EV71 RdRp (3D pol ), several ribonucleotide analogs were investigated by crystallographic and biochemical methods. The 3D pol complexed with substrate analog Br-UTP shares general similarity with the 3D pol /GTP complex (Fig. 3C) , although the electron density for Br-UTP is not as well defined as that for GTP, suggesting a relatively lower binding affinity and higher B-factors. Br-UTP, in the NTP binding site, is in the lower-energy anti conformation with the base swung away from the sugar. The 3'-OH group of the sugar moiety forms a hydrogen bond with the side chain of Asp238 at a distance of 2.98 Å. However, the base does not form any hydrogen bonds with the enzyme. Moreover, the bromide atom on the base moiety protrudes to the carbonyl atom of Leu175, whereas the loop L1 flips a little less than by GTP binding, and Ser289 forms a hydrogen bond only with the backbone of Leu175 instead of interacting with the side chain of Asp238 in the crystal structure of 3D pol /GTP. All of these factors ensure that the interaction of the ribonucleotide analogue Br-UTP in the NTP binding site is less strong than the interaction of the native substrate GTP. However, the conformational changes in EV71 RdRp (3D pol ) after Br-UTP bounded obtain the very similar tendency with those by GTP (Fig. 3C) , which supports the hypothesis that specific movements of EV71 RdRp (3D pol ) are trigged by substrate binding and provides unique crystal structure information shedding light on EV71 RdRp (3D pol ) inhibitor design. Furthermore, the location of triphosphate group is almost the same among the complex crystal structures of picornaviral RdRps, and has the strongest electronic density in ribonucleotide binding region, which suggests a significant reach for the inhibitor development. Additionally, no distinct interactions were observed from Biacore results even at GTP and Br-UTP concentrations of 5 mM, so equilibrium presumably exists between EV71 RdRp (3D pol ) and its substrates.
Model of EV71 RdRp (3D pol ) complex with template: primer
In order to better understand template:primer recognition and binding by EV71 RdRp (3D pol ), we could model its complex with the template:primer based on the crystal structure of EV71 RdRp (3D pol ) and reported homologues. Two features enable us to build a feasible model using the EV71 RdRp apoenzyme structure: the direction of polymerase translocation along the template strand is consistent among the known polymerase structures; and the nascent nucleic acid duplex is known to adopt an approximate A-form conformation in the immediate vicinity of the active site (Jacobo-Molina et al., 1993; Doublie et al., 1998; Huang et al., 1998; Li et al., 1998; Lesburg et al., 1999) . We therefore modeled the structure of EV71 RdRp (3D pol ) in complex with the template:primer (5'-CAUGGGCC-3'/5'-GGCCC-3') by superimposing the palm domain with the structure of the FMDV 3D polymerase in complex with the template:primer RNA (PDB code: 1WNE ) (Ferrer-Orta et al., 2004) (Fig. 4) . Regions of the index finger (Ser16-Thr21), ring finger (Ser155-Glu158, Arg174-Ala178) and little finger (His113-Leu130) create the entrance of a well-defined channel which is suitably large enough to facilitate single strand template RNA binding, and which extends towards the large exposed active site. The large, positively charged area of the index finger at the top of the entrance may help to stabilize the template RNA and break its secondary structure. The template:primer RNA, forming a right-handed A-form helix with Watson-Crick base pairing, fits well into the large cavity in the front of EV71 RdRp (3D pol ). The template strand mainly forms contacts with residues in the fingers domain, whereas the primer strand interacts largely with the thumb domain. The third nucleoside of the template is located at the P site with its base facing the active center of the phosphoryl transfer reaction predicted from the FMDV 3D/RNA crystal structure. The incoming NTP, matching Watson-Crick base pairing, would contact with Mg 2+ coordinated on the GDD motif and trigger the phosphoryl transfer reaction.
CONCLUSIONS
The EV71 RNA-dependent RNA polymerase (3D pol ) is critical in the viral life-cycle, and is considered to be a potential target for drug discovery based on its importance to the virus, its structure/sequence conservation and its low homology with human proteins. We determined the crystal structure of the full-length EV71 RdRp (3D pol ), which adopts the typical "closed-right-hand" conformation of RdRp structures complete with "fingers", "palm" and "thumb" domains. The structure of EV71 RdRp (3D pol )/GTP complex we reported here reveals the significant residues for ribonucleotide substrate binding, and captures a conformation of the polymerase to fit the substrate with two distinct movements from the apoenzyme structure. 
MATERIALS AND METHODS

Protein expression, purification and crystallization
The genomic region coding for the 3D polymerase of EV71 was amplified by PCR from the complete genome (EU131776) of human enterovirus 71 strain N3340-TW-02, adding a TEV protease cleavage site at the very upstream of the 3D pol coding region using the primers
' -C GG GAT C CG A G A A T C T T T A T T T C C AG G G AG AG A T C -
CAGTGGGTTA-3' and 5'-CGGAATTCCTAAAATAACTCGAGCCAA-3', cloned into the pGEX-6p-1 vector (GE Healthcare) using BamH1 and EcoR1 restriction sites (shown in bold). The recombinant plasmid was transformed into Escherichia coli strain BL21 (DE3). Ampicillin-resistant colonies were grown in LB medium at 37°C until the OD 600 reached 0.6-0.8. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was then added to a final concentration of 0.1 mM and the cultures grown for an additional 15-17 h at 16°C. Cells were harvested by centrifugation, resuspended and sonicated in the lysis buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 1 mM PMSF). The lysate was centrifuged at 20,000 g for 30 min to remove cell debris. The supernatant was loaded onto a glutathione sepharose column (GE Healthcare). After extensive washing with 20 mM Tris buffer pH 8.0, 500 mM NaCl, 1 mM DTT, the GST moiety was cleaved by His-tagged TEV protease in the same wash buffer at 4°C overnight. The protein was passed through a Ni 2+ -NTA agarose column (Qiagen) to eliminate the His-tagged TEV protease, and then changed into a buffer containing 20 mM Tris, pH 8.0, 15% glycerol, 100 mM NaCl, 1 mM DTT by ultrafiltration. This was then loaded onto a Resource Q column and eluted with a linear gradient to 350 mM NaCl with 20 mM Tris pH 8.0, 15% glycerol, 1 mM DTT. Upon elution from the column, the protein was estimated to be > 99% pure from SDS-PAGE. The protein was concentrated tõ 12 mg/mL in 20 mM Tris pH 8.0, 300 mM NaCl, 1 mM DTT. Protein concentrations were determined by absorbance at 280 nm using extinction coefficients obtained from the Expasy web site (http://www. expasy.org/tools/protparam.html).
Crystallization of EV71 RdRp (3D pol ) was performed at 18°C using the hanging-drop vapor-diffusion method. Crystals appeared and reached their final size in 4 d with a well solution containing 1.3 M ammonium sulfate, 0.1 M Bis-tris pH 6.1, 1 mM DTT and 10 mM NiCl 2 . Crystals were soaked for 12 h at 18°C in a solution containing either 20 mM GTP (Sigma) or Br-UTP (Sigma) in the crystallization mixture listed above. All crystals were transferred into corresponding precipitant/ligand solutions containing 20% (v/v) glycerol prior to freezing and stored in liquid nitrogen for data collection.
X-day data collection, processing, and structure determination
The diffraction data were collected at 100 K using an ADSC Q270 detector on beamline BL17 of the Photon Factory (PF) in Japan. Data were processed and scaled using the HKL2000 package (Otwinowski and W., 1997) .
The initial structure solution of EV71 RdRp (3D pol ) was obtained by molecular replacement using the program PHASER (McCoy et al., 2007) with the crystal structure of poliovirus polymerase (PDB code 1RA6) as a search model. The structure of the unliganded EV71 RdRp (3D pol ) was used as a starting model to obtain the structures of the EV71 RdRp (3D pol ) complex with GTP and Br-UTP, respectively. Manual model building and refinement were performed with COOT (Emsley and Cowtan, 2004) and CNS (Brunger et al., 1998) following rigid body refinement, energy minimization and individual B-factor refinement. Solvent molecules were located from stereochemically reasonable peaks in the σA-weighted 2F o -F c difference electron density map. The quality of the final refined model was verified using the program PROCHECK (Laskowski et al., 1993 ). Final refinement statistics are summarized in Table 1 . Structural figures were drawn with the program PyMOL (DeLano, 2002) .
